We present a first-order method for modeling broadscale deformation consistent with both plate tectonic motions and elastic strain accumulation on plate boundary faults. Interseismic deformation is assumed to be a superposition of long-term rigid-body motions between faults, defined by angular velocities of spherical plates, and backslip on shallow locked portions of faults in an elastic half-space. This method is applied to 1993-2000 continuous GPS data from 35 sites in a profile from the San Francisco Bay area, northern California, to eastern Nevada. Deformation is consistent, within the 1 mm yr −1 uncertainties of the estimated site velocities, with a simple 10-parameter model using 6 rigid plates and 3 locked San Andreas system faults. 
Introduction
We present a simple method for modeling crustal deformation as a combination of plate tectonic motions and interseismic elastic strain accumulation on faults. We assume the crust is composed of spherical caps, such as the major tectonic plates and microplates, that behave over many earthquake cycles as rigid bodies with angular velocity relative motions. Transient strain accumulation effects are accommodated by adding slip opposite the long-term rates (backslip) on the shallow seismogenic (locked) parts of the plateboundary faults. Strain effects due to shallow backslip become negligible in the stable plate interiors where angular velocity motions predominate.
This method provides a better kinematic description of broadscale deformation than models using forward slip on semi-infinite deep faults [Savage and Burford, 1973] , or other backslip dislocation models developed for subduction and strike-slip zones [Savage, 1983; Matsu'ura et al., 1986] that assume block motions on planar surfaces, which do not approach angular velocities far from the plate boundaries.
We applied this method to Global Positioning System (GPS) measurements collected in Nevada and northern California that have sufficient precision and distribution to infer Pacific-North America plate boundary deformation at both tectonic plate and near-fault spatial scales.
Data Analysis
We analyzed continuous GPS data collected on 2443 days at 35 stations, which operated for at least 0.9 years from November 1993 to July 2000, by the Bay Area Regional Deformation (BARD) network in northern California [Murray et al., 1998 ], the northern Basin and Range (NBAR) network in Nevada and eastern California [Bennett et al., 1998 ], the International GPS Service (IGS), and other agencies (Fig. 1) .
Uniform station velocities were estimated using GAMIT/-GLOBK software and distributed processing methods [McClusky et al., 2000] . We determined weakly constrained station positions for each day by tightly constraining IGS orbits and International Earth Rotation Service parameters, and station velocities by tightly constraining 3 IGS stations (ALGO, DRAO, FAIR) to their velocities in a "stable" North America plate (NA) reference frame [Kogan et al., 2000] .
The estimated velocities have 0.9-2.7 mm yr −1 uncertainties. We assumed white-noise errors consistent with daily coordinate residual scatter, and 1 mm yr −1/2 colored-noise errors (e.g., monument wander), which typically range 0.5-2.0 mm yr −1/2 [Langbein and Johnson, 1997] .
Deformation Model
We assume station velocity at geocentric position r is
where Ω is the angular velocity vector, and strain effects are given by elastic Green's function G responses to slip s on F faults. Zones of distributed horizontal deformation can be described by letting Ω(r) vary within the zones, and the latter terms can account for Earth sphericity [Pollitz, 1996] and viscoelastic response of the lower crust and upper mantle [Savage and Prescott, 1978] .
To illustrate this approach, we here make several assumptions that, while limiting its general utility, simplify the model to an easily optimizable function. Angular velocities Ω = ωΩ, where ω is the angular rate of rotation and the unit vectorΩ defines the Euler pole latitude and longitude, are assumed to be constant within each plate (i.e., rigid). We use rectangular dislocations [Okada, 1985] with backslip equal and opposite to the long-term slip rates to approximate strain due to shallow fully locked faults. Second-order effects due to Earth sphericity are assumed to be small near to faults where elastic strains are significant.
The study area is divided into 6 plates, based on seismic, geologic, and previous geodetic studies [Bennett et al., 1999; Thatcher et al., 1999; WG99, 1999] (Fig. 1 , Table 1 ). Adjacent to the Pacific plate (PA), the San Andreas system in the San Francisco Bay area is represented by three strikeslip faults that bound the San Francisco (SF) and Martinez (MZ) plates. Station motions in the Bay Area are nearly parallel to the motion of PA relative to NA (denoted PA-NA) predicted by the NUVEL-1A Euler pole, denotedΩ N U P A [DeMets, 1994] (Figs. 1B and 2 ). Because the station distribution is insufficient to reliably estimate Ω for the PA and Bay Area plates, we assume the observed strain can be described using dislocations that lie along small circles about Ω N U P A and estimate only ω for each plate. Fault locations and locking depths are assumed from surface geology and seismicity studies (Table 2 ) due to the high correlations typically observed between estimated fault geometry and slip parameters in a parallel fault regime [Freymueller et al., 1999] .
We use 2D (anti-plane strain) screw dislocations [Savage and Burford, 1973 ] to approximate strain due to parallel, locked faults in the Bay Area. In an x-y coordinate system, stations move parallel to a fault, which is located at x=0, locked from the surface to depth d, and slipping below at rate s, with velocity v = sgn(x)s/2 − (s/π) tan −1 (d/x) (cf. Eq. 1). For small-circle parallel velocities, the second term in Eq. 1 can be rewritten in terms of angular velocities and angular distances φ from the Euler pole as
where a is the Earth radius, and the distance from each fault located at φ f is a(φ − φ f ). Each fault has deep-slip rate s f = a∆ω f sin φ f , where ∆ω f is the difference in angular velocity rates on either side of the fault. The Sierran-Great Valley plate (SG) is bounded by the San Andreas system and the NW-trending northern Walker Lane Belt (NWLB) of conjugate normal and strike-slip faults between Lake Tahoe and Mount Shasta. The Central Nevada Seismic Zone (CNSZ) of NE-trending normal faults divides the Basin and Range province (BR) into eastern (EB) and western (WB) plates. We confine EB-NA relative motion to the Intermountain Seismic Belt (ISB), including the eastwest extensional Wasatch fault in Utah, which lies outside our network, and use the component of oblique SG motion parallel to Bay Area faults to determine ∆ω f across the SG-MZ boundary. The station distribution was not sufficient to reliably estimate the ISB, CNSZ, and NWLB locking depths.
Results
We estimatedΩ and ω for the SG, WB, and EB plates, and ω for the PA, SF, and MZ plates, with the latter pole locations constrained toΩ (Table 1 ) are comparable to the data uncertainties and consistent with plate rigidity. The χ 2 per degrees of freedom is 0.88, which is less than the expected value of 1.0, suggesting the colored-noise errors may be conservative. Assuming smaller errors for more deeply anchored stations, such as in NBAR [Wernicke et al., 2000] , would improve detection of distributed deformation.
We assessed model uncertainties using bootstrap methods [Freymueller et al., 1999] due to the nonlinear pole location constraints. All ω are significantly greater than zero at 95% confidence (Table 1 ). The 2D-confidence regions ofΩ BR andΩ SG are elongated due to the limited station distribution (Fig. 3) . The direction of rotation of the SG, whose pole uncertainty spans nearly 180
• , is poorly resolved.Ω SG differs significantly fromΩ N U P A but is marginally consistent withΩ BR , although other models combining one or more of the SG and BR Euler poles have significantly greater misfits at the 60-70% confidence level.
Discussion
Horizontal interseismic deformation in our study area is consistent, within the 1 mm yr −1 uncertainties of the estimated site velocities, with a simple 10-parameter model using 6 rigid plates and 3 locked San Andreas system faults.
Predicted relative motions on the plate boundaries (Table 3) suggest that deformation across the Basin and Range can be partitioned into 2.4 mm yr −1 east-west extension across the ISB, 2.3 mm yr −1 east-west extension across the CNSZ, and 3.6 mm yr −1 primarily right-lateral strike-slip on the NWLB. These results are in reasonable agreement with other GPS studies [Bennett et al., 1998; Bennett et al., 1999; Thatcher et al., 1999; Dixon et al., 2000] . Our observations in the BR lack sufficient precision and distribution to infer strain accumulation or detect zones of distributed deformation, as suggested by some of these studies.
The SG moves obliquely to the San Andreas system, with ∼2.4±0.4 mm yr −1 of fault-normal convergence (Table 3 ) being accommodated over a narrow (<15 km) zone (Figs. 1  and 2 ). This convergence, consistent with other GPS studies [Prescott et al., 2001] , may contribute to uplift of the Coast Ranges [Argus and Gordon, 2001] .
The inferred ∼37.2±1.0 mm yr −1 slip rate across the San Andreas system is consistent with geologic estimates based on the most active Holocene faults ( Table 2 ). The slip rate on the Hayward fault is higher than the geologic estimate, although models with rates lower on the Hayward and higher on the other faults are also acceptable due to high correlations between these parameters.
The estimated ω P A is significantly higher than the 3.16-Ma NUVEL-1A rate (0.749±0.012
• Ma −1 , Fig. 2 ), in agreement with DeMets and Dixon [1999] . Our assumed Ω N U P A and estimatedΩ SG significantly differ from other geodetic estimates (Fig. 3) , possibly because we used only three stations to define "stable" NA. Preliminary analysis using a more globally distributed set of stations that allows direct estimation ofΩ P A shows better agreement with other studies [DeMets and Dixon, 1999; Dixon et al., 2000] .
The angular-velocity fault-backslip model provides a general framework for estimating long-term plate motions over regional and global scales using geodetic measurements subject to short-term earthquake-cycle effects. We have begun analyzing survey-mode GPS data to improve the spatial resolution of deformation, estimate locking on the other plate boundary faults, and detect zones of distributed deformation. We are also modeling more complex, 3D fault systems by summing backslip on rectangular dislocations. This will allow us to include subduction zones and to estimate alongstrike variations in locking on a geometrically more realistic model of the San Andreas fault system. Dixon, 1999] . BR-NA applies to both WB and EB. The SG-NA uncertainty, which spans nearly 180
• , has both clockwise (top) and counterclockwise (bottom) rotation regions, and includes pure translation (Euler pole at 90
• distance from SG). Squares, alternativeΩ SG : open, [Argus and Gordon, 2001] ; solid, [Dixon et al., 2000] . Box encloses stations and plate boundaries shown in Fig. 1 .
